Abstract. An analysis of different classes of forced or batch synchronization methods reveals why these methods, in theory, do not produce synchronized cultures. Cells may be aligned for a particular property after specific treatments, but these aligned cells do not correspond to any particular cell age during the normal cell cycle. The experimental methods analyzed are those that arrest CMLS, Cell. Mol. Life Sci. 60 (2003) 
Introduction
Genome-wide analysis of gene expression during the eukaryotic division cycle has been examined by a number of groups in a number of organisms using microarray technology. This type of analysis has been carried out in yeast [1, 2] , primary human fibroblasts [3, 4] , mouse fibroblasts [5] , and human HeLa cells [6, 7] . From such studies, the overall and general conclusion is that there are a large number of genes expressed at particular times during the division cycle. For example, in the budding yeast, Saccharomyces cerevisiae, 800 genes were found to be periodically expressed [1] ; in mouse fibroblasts, 578 such genes were identified [5] ; in primary human fibroblasts, 700 periodically expressed genes were proposed to exist [4] , and, most recently, more than 850 periodically expressed genes were identified in HeLa cells [7] . Problems with the large-scale gene analysis with microarrays to identify cell-cycle-specific expression patterns have been described [8] . More significant, detailed statistical analyses of the raw microarray data on gene expression during the division cycle of primary human fibroblasts [9] and yeast cells [10] have revealed problems with the proposal that there exist a large number of cell cycle specifically regulated genes. These reanalyses were stimulated by a proposal that the cell cycle is regulated by the continuous accumulation of material and not by sequential activation of specific genes [11 -14] . The published analysis of the microarray data on fibroblasts serves as an instructive example [9] . A statistical reanalysis of the original data produced three principal findings. (i) Randomized data exhibit periodic patterns of similar or greater strength than the experimental data. This suggested that all apparent cyclicities in the expression measurements may arise from chance fluctuations.
(ii) The presence of cyclicity and the timing of peak cyclicity in a given gene are not reproduced in two replicate experiments. This suggests that there is an uncontrolled source of experimental variation that is stronger than the innate variation of gene expression in cells over time. ( iii) The amplitude of peak expression in the second cycle is not consistently smaller than the corresponding amplitude in the first cycle. This finding places doubt on the assumption that the cells are actually synchronized. The conclusion from this analysis was that the microarray results do not support the proposal that there are numerous cell cycle specifically expressed genes in human cells. Many batch treatments (i. e., treatments that affect all cells equally) are widely believed to produce synchronized cultures of eukaryotic cells. For example, serum starvation has been widely used as a synchronization method. Serum starvation or low serum concentration is believed to arrest cells at a particular point in the cell cycle. The arrested cells with a G1 phase amount of DNA are proposed to be arrested at this point in the G1 phase or in what is generally called the G0 phase. Upon restoration of serum, these arrested cells are assumed to pass synchronously through the cell cycle. Many methods related to serum starvation may be grouped as methods that arrest cells at a specific point in the G1 phase, sometimes referred to as the 'restriction point.' Other synchronization methods such as the double-thymidine block method or hydroxyurea inhibition affect DNA synthesis and are proposed to arrest cells in S phase. A third class of batch synchronization methods arrests cells at mitosis. A reappraisal of these different 'synchronization' methods is presented here. For the batch synchronization methods, theoretical problems argue against their use for understanding the normal cell cycle. Cells treated to starvation or inhibition methods are neither synchronized nor representative of cells at any particular stage of the cell cycle.
Cell growth during the division cycle
A synchronized culture is one where cells pass through the division cycle as a relatively uniform cohort and represent, at different time points, cells of different cell cycle ages. In passing through the cell cycle a newborn eukaryotic cell first passes through the G1 phase (absence of DNA synthesis), then S phase (period of DNA synthesis), then G2 phase (absence of DNA synthesis), with division occurring at M phase (mitosis). If many cells in a culture approximate this pattern as a group, these cells would be called a synchronized culture. A culture does not have to have 'perfect' synchrony to be called synchronized. There is stochastic variation in interdivision times. If a cell in exponential growth had a measured doubling time of 20 h (i. e., an average interdivision time of 20 h), it might be expected that in a wellsynchronized culture started with a pure collection of newborn cells, a large majority of cells would divide between 18 and 22 h. Even a lower-resolution synchrony, with most of the cells dividing between 17 and 23 h might be acceptable for some purposes. So the discussion here is not related to whether the synchrony is good, or good 1100 S. Cooper Synchronization of mammalian cells enough, but rather to whether the methods, in theory, can produce a synchronized culture. A single cell passing through the cell cycle has two attributes. At each time point during the division cycle a cell has a particular DNA content and a particular cell mass. During steady-state exponential growth, the cell mass must increase during the division cycle, as a mother cell must have, on average, twice as much mass as a newborn cell. As cytoplasm is made in all phases of the cell cycle, it follows that the cell mass varies throughout the cell cycle. At each time point during synchronized growth, a synchronized culture should (on average) reflect in individual cells the cell mass and the DNA content of unperturbed cells. Beside the average DNA content and mass, there should be a relatively narrow spread in these cell characteristics so that cells in the synchronized culture can be considered equivalent to some particular cell at some particular cell cycle age in a normal culture.
The concept of continuous change during the cell cycle is not restricted to cell mass. One can substitute a particular 'trigger' molecule, or 'any molecule,' or group of molecules for the generalized term 'mass.' The proposal here is not that mass per se is the initiating or controlling factor of the cell cycle. It may be. But if a synchronized culture does not reflect the normal, unperturbed DNA-massmolecule synthetic pattern during the cell cycle, the burden of proof that such a culture is normal rests on those studying that synchronized culture. As will be shown below, merely aligning cells with some particular property (e. g., all cells with a G1 phase DNA content, or all cells arrested in mitosis) is not equivalent to producing a synchronized culture where the cells reflect the normal physiology of a growing cell. Underlying the analysis presented here is the assumption that the purpose of synchronization is not merely to obtain a set of starting cells that have some cell characteristic uniformly present in all cells (e. g., all cells with a G1 phase DNA content). Rather, the purpose of synchronization is to obtain a culture of cells mimicking the normal, unperturbed cell cycle. Expanding on this idea, the analysis below proposes that 'batch' procedures where all cells in an exponentially growing culture are treated identically cannot, in theory, synchronize cells. Put another way, even cells that have one characteristic in common are not synchronized if this common feature was produced by a batch treatment (i. e., all cells treated identically). One of the most common observations regarding batch methods of synchronization is that the synchrony rapidly decays, so that a second cycle is rarely studied or observed. The general explanation for this lack of a second cycle is that interdivision time variability leads to a rapid decay in synchrony. The development of the membraneelution synchronization method, and the results from that method, presented in the following section, suggest that a more appropriate conclusion from the lack of a second cycle of synchrony in batch-synchronized cells is that the cells were not really synchronized.
Membrane-elution: a new standard for synchronization
The recent development of a new method for cell synchronization emphasizes the problems inherent in the batch synchronization methods. This method was developed by Charles Helmstetter after many years of effort [15] . The history of this development has been described [16] . In membrane-elution, exponentially growing cells are bound to a membrane. Cells grow normally on the membrane. At division, one of the daughter cells remains attached to the membrane while the other daughter cell is released into the eluate. Temperature and medium are maintained constant throughout the procedure. In a typical membrane-elution synchronized culture, one can produce three clear synchronized divisions with clear plateaus between the doublings in cell number. DNA content distributions as well as size distributions indicate that the cells eluted from the membrane-elution apparatus reflect the normal pattern of growth during the division cycle. The newborn cells are appropriately small (equivalent in size to the cells at the low-size end of the size distribution of the exponential culture) and these newborn cells have a G1 phase DNA content. The membrane-elution method therefore shows that without any starvation, one can have a narrowing in the size distribution and a narrow DNA content that reflects the normal cell cycle. The phrase 'narrow size distribution,' must be clarified. If a normal culture has cell sizes ranging from size 1 to 2, it is not a narrowing of size distribution to produce a culture that has a size distribution from 0.75 to 1.5. Although in the normal culture, the absolute difference is 1.0 between the largest and smallest and only 0.75 for the 'synchronized' culture, what really counts is the ratio of the largest to the smallest cells in a culture. A narrowing would occur only if there was a significant decrease in the ratio of largest to smallest cell sizes from 2.0 to something like
In what follows, the theoretical expectations of three different batch methods are compared for DNA contents and expected size distributions. The results obtained with other methods will be compared to those cells produced by the membrane-elution method.
Analysis of batch/forcing synchronization
The analysis of synchronization methods is presented in a series of four tables. figure 1 .
Steady-state growth
The pattern of mass increase, DNA replication, and cell division for an exponentially growing culture is presented in 
G1 phase arrest
The consequences of inhibition of mass increase is considered in table 2. Although the analysis presented in table 2 is phrased in terms of mass increase, it can apply to any method that is proposed to arrest cells with a G1 phase amount of DNA or, as usually phrased, 'in G1 phase.' Thus, alpha factor arrest in yeast, arrest at the 'restriction point,' and even quiescence or G(0) arrest are considered in this analysis. The detailed analysis is presented in the accompanying legend. 
Review Article
The assumption on which the analysis in table 2 is based is that initiation of S phase requires the accumulation of some cellular element or elements to a certain level. In the steady-state condition (table 1), this value is 1.35. If a cell does not reach this value by continued mass increase, S phase initiation is prevented. Again, mass per se is not proposed to initiate S phase. It may be the accumulation of some specific molecule that reflects cell mass or is a constant proportion of cell mass. When mass increase ceases, the cells in S, G2, and M phases continue through these phases to divide and produce two daughter cells. As mass did not increase, we get some cells that are relatively small compared to the initial culture (lowest row, table 2). In this idealized example, all cells in S, G2, and M phases are assumed to proceed to division. The definition of a culture 'arrested with a G1 phase amount of DNA' (or as usually phrased, 'arrested in G1 phase'), means that all cells in S, G2, and M phases must proceed to division. It has not been proposed that cells with greater than a G1 phase amount of DNA regress backwards through the cell cycle, reducing their DNA content to arrive at the G1 phase amount of DNA. One can substitute for 'mass' any process that accumulates continuously through the cell cycle. The numbers in the column may refer to the relative amount of some trigger molecule. One can inhibit a process that is independent of the cell cycle (e. g., mass increase) and get cells all with a G1 phase amount of DNA. Are these cells 'in G1 phase?' The answer given here is no. The cells all have different cell masses, and the spread in cell mass ranges over a factor of 2.0. For a culture to be synchronized, the cell masses should have a narrower range than the cell mass range in the original culture. A newborn cell has a mass of 1.0, a dividing cell has a mass of 2.00, and a cell of age 0.07 (one-fourteenth of the cell cycle time) has a mass of 1.05. Each of these initial cells (top row) can now be followed down each column during a period of time equivalent to one interdivision time. Each of the cells increases in mass, the cells pass through the DNA phases of the cell cycle, and at M phase, the cells divide. The first cell (upper left) goes through G1 phase, enters S phase at size 1.35, enters G2 phase at size 1.64, and divides at size 2.00 to produce a cell with a G1 phase amount of DNA and size 1.05 after passing through a short period (0.07) of the next cell cycle. The bold, underlined values indicate that a newborn cell has been produced. The mass in these cells is halved as two daughter cells are produced at mitosis. The cell masses are given on a 'per cell' basis. Thus, in the first column, the cell in M phase divides at size 2.00 producing two cells of size 1.00; after 0.07 of a cell division cycle, the two cells each have a size of 1.05. Below the first column is an 'L' and below the last column is an 'H.' These letters indicate in this and subsequent tables, the highest and lowest masses present in the cells after a period equivalent to one full interdivision time. At the end of one interdivision time, and during the entire period of growth, the cell masses spread over a factor of 2.00, just as in the original culture. The smallest cell is always 1.05 (note, this cell is age 0.07) and the largest (age 1.00) is mass 2.00. 35) . Thus, the initiation of S phase would not be synchronous but would be spread over a time equivalent to that of one full doubling time. This is because one full doubling time would be needed for the cell of mass 0.67 to reach a mass of 1.35, which is associated with initiation of S phase. The cells in a growing culture (top row) are subjected to inhibition of DNA replication for a period equivalent to one interdivision time. In this case, we assume some condition is imposed that specifically inhibits DNA synthesis from occurring. As in tables 1 and 2, the top row shows the starting cells with a given pattern of DNA contents and cell mass increasing exponentially during the division cycle. Cells in S phase remain in S phase although mass increases. These cells do not divide, as they never complete S phase. Cells in G1 phase increase mass and then presumably 'initiate' S phase although no DNA replication occurs because DNA synthesis, by definition of the experiment, is inhibited. In this case, the 'initiation' of S phase without subsequent DNA synthesis means that the cells have achieved the ability to initiate DNA replication. Cells at the start of S phase (in this nascent synthetic state) are indicated by italics. Cells in the G2 phase complete the G2 phase, perform mitosis, divide, pass through G1 phase, and then arrive at the start of S phase (again indicated by italics). At the end of the period of DNA inhibition, all cells are shown 'in S phase' or at the 'start of S phase,' but these cells all have different cell masses, ranging from 1.64 to 3.12. (The 'H' and 'L' indicate the smallest and largest cells in the culture.) Upon release from inhibition of DNA replication, there may be a rapid synthesis of DNA, but subsequent initiations of DNA replication would be spread out in time (asynchronous) because of the variation in cell masses at the time that DNA replication was permitted to occur.
Inhibition of DNA synthesis
rested either at the start of S phase (italicized S in Table 4 shows the results obtained after an inhibition of mitosis. The classical inhibitor for such a process is nocodazole. As cells are arrested in M phase, a collection of cells is obtained with varying sizes spread over a factor of 2.00 (from 2.10 to 4.00). None of these cells after a period of inhibition reflects any of the normal cells in a culture.
Mitotic arrest
Upon arrest of cells with condensed chromosomes in mitosis, mass synthesis may cease. In this eventuality, cells would be arrested with a common DNA configuration (condensed chromosomes) and a common mass (size 2.0 as indicated in table 4 for cells in mitosis). In this case, if one starved cells for one cell interdivision time, the first cell arriving at mitosis would be inhibited for one cell interdivision time, and the last cell arriving at mitosis would be inhibited for essentially no time. Thus the history of the cells with apparent physical similarities is quite different, with cells having major differences in residence in arrest conditions. The burden of proof rests on those that use mitotic inhibition to demonstrate that cells inhibited in mitosis are not affected by this variable history and that they are actually synchronized and exhibit synchronized divisions.
The results in tables 1 -4 are illustrated in figure 1 . According to the analyses in tables 2 -4, the 'synchronization' methods analyzed do not produce cells that have a narrow size distribution and a narrow DNA content distribution. One can contrast this result with the theoretical results from a selective method.
Uses of cells arrested with a particular cell property
There may be reasons to use some inhibition method to produce a particular set of cells. For example, one may wish to get a group of cells with chromosomes condensed so that there can be isolated. There is nothing wrong with this. Some cell fusion/cloning experiments ('Dolly'-like cloning) may work best with cells with a particular DNA content. What is argued here is that the methods used to produce a culture of cells that have a particular property in common should be restricted to the study of that property. These cells should not be called synchronized. lease from inhibition. But these patterns of gene expression should be stated as being related to this or that treatment. Whether or not the periodicity reflects the normal pattern of gene expression is a separate question.
Supporting experimental results
Experimental support of the proposal made here is primarily a pattern of omission of successful synchronization results. For all of the hundreds or thousands of experiments where cells are 'synchronized' using batch or forcing methods, a cell-synchrony curve is rarely pictured. Some of these synchrony experiments present FACS analyses of cellular DNA contents following release from growth arrest. Yet even these are generally not supportive of synchronization. However, there are occasional papers that present experimental data supporting the proposal made here, that batch synchronization methods do not actually synchronize cells. An experiment with cells arrested with a G1 phase amount of DNA (described as synchronization by the authors [17] ) did not show the expected DNA patterns after release from arrest [17, 18] . An analysis of an experiment using a double-thymidine block (DNA inhibition) [4] also did not support the proposal of synchronization [9] . The use of lovastatin to synchronize cells [19] and to arrest cells 'in G1 phase' [20, 21] was shown to have an alternative explanation, with the cells neither synchronized nor arrested 'in G1 phase' [22] . An analysis of the classical restriction point proposal also revealed problems with the proposal that cells are arrested at a particular point in the G1 phase, generally called the 'restriction point' [23] . Thus there is support for the proposals made here. Because negative results where cells after treatment are not observed to be synchronized are usually not published, there is a bias against finding non-synchronization results in the literature. That there are many such reports suggests that the inability to synchronize cells may be more common than the literature would suggest. The recent study of gene expression during the division cycle of HeLa cells [7] contains what may arguably be the best evidence in support of the proposals made here. Two of the methods used, a double-thymidine block and a thymidine-nocodazole block were analyzed by elution method [15] clearly indicates that the HeLa cells were not synchronized.
Criteria for successful synchronization
It is proposed here that there is no arrest or batch synchronization procedure that can bring all aspects of the cell into a common state. If one process of a cell is arrested, other processes continue. This conclusion is most evident in the literature on arrest with a G1 phase amount of DNA. Starvation of the cell for a required nutrient that presumably arrests mass synthesis (e. g., starvation for an amino acid stops protein synthesis) can lead to cells with a G1 phase amount of DNA. This requires that cells in S phase or G2/M phase at the time of arrest complete these processes and divide to produce cells with a G1 phase amount of DNA. Similarly for inhibition of DNA synthesis, where inhibition of DNA replication need not affect protein or mass synthesis. This produces a population of cells that may have one property in common, but all other aspects of the cell are as spread out as in the original culture.
The proposal made here is best summarized in three criteria for a successful synchronization. One criterion is that the DNA pattern or content in the initial cell population should be uniform in the initial cells. The second criterion is that the size distribution of the initial cells should be narrower than the size distribution of the initial cells. And finally, and most important, the third criterion is that the synchronized culture should exhibit synchronized cell divisions. Unless one can theoretically describe a system to produce cells that have a narrow size distribution and a narrow DNA distribution and synchronized divisions, it is not clear that one can synchronize cells by non-selective (i. e., batch) methods. I do understand that many researchers believe that cells arrested with a common cell property (i. e., all cells with a G1 phase amount of DNA) are the 'same.' But this is merely a belief. Until the methods are shown to work to produce a synchronously dividing culture, one cannot say that any batch synchronization method actually synchronizes cells.
